Organic compounds such as benzene, toluene, ethyl benzene and o-, m-, and p-xylene from contaminated soil and groundwater may permeate through thermoplastic pipes which are used for the conveyance of drinking water in water distribution systems. In this study, permeation parameters of benzene in 25 mm (1 inch) standard inside dimension ratio (SIDR) 9 high density polyethylene (HDPE) pipes were estimated by fitting the measured data to a permeation model based on a combination of equilibrium partitioning and Fick's diffusion. For bulk concentrations between 6.0 and 67.5 mg/L in soil pore water, the concentration-dependent diffusion coefficients of benzene were found to range from 2.0 × 10 À9 to 2.8 × 10 À9 cm 2 /s while the solubility coefficient was determined to be 23.7. The simulated permeation curves of benzene for SIDR 9 and SIDR 7 series of HDPE pipes indicated that small diameter pipes were more vulnerable to permeation of benzene than large diameter pipes, and the breakthrough of benzene into the HDPE pipe was retarded and the corresponding permeation flux decreased with an increase of the pipe thickness. HDPE pipes exposed to an instantaneous plume exhibited distinguishable permeation characteristics from those exposed to a continuous source with a constant input. The properties of aquifer such as dispersion coefficients (D L ) also influenced the permeation behavior of benzene through HDPE pipes.
INTRODUCTION
pounds, benzene is of the most concern because it is highly toxic and is a known carcinogen, and is listed as a US Environmental Protection Agency 'priority pollutant'. Several site specific surveys have documented a concentration range of 13-1,300 μg/L for benzene in drinking water after a period of water stagnation as a result of permeation through PB and PE pipes (Holsen et al. ) . In a recent laboratory study by Mao et al. () , permeation by benzene through 1-inch diameter high density polyethylene (HDPE) pipe was found to be rapid, with a breakthrough time of 5 days for exposure to free product gasoline and 15 days for exposure to gasoline-saturated groundwater, respectively.
According to the theory of polymer permeability (Crank & Park ; Crank ; Comyn ) , the permeation of organic contaminants through PE pipes may involve a three-step process: sorption consisting of contaminant molecules removal from contaminated soil and groundwater, diffusion of sorbed contaminant molecules through the amorphous area within pipe materials, and desorption of contaminant molecules from pipe materials to the pipe water. The three transport mechanisms are affected by various factors, such as: (i) molecular weight, size and shape of organic compounds; (ii) density, crystallinity, thickness, degree of crosslinking, chain rigidity and aging of polymer;
(iii) chemical similarity between polymer and organic compounds; and (iv) initial bulk concentration of organic compounds (Sangam & , ) . For the PE pipe-contaminant system, these factors above can be quantified by some critical parameters such as solubility, diffusivity (diffusion coefficient), permeability, thickness of pipe wall, and contamination levels external to the pipe. Unfortunately, previous survey and laboratory studies have not provided sufficient information to assess the degree to which each process and parameter influence the permeation risks related to PE pipes. Therefore, a conceptually predictive model which incorporates these processes and parameters should be invaluable.
Mathematical modeling of the permeation of organic contaminates through plastic pipes has many potential applications. Conventionally, diffusion coefficient for a penetrate-polymer pair was determined by permeation experiments with the time-lag method (Crank ), which is based on the fact that the permeation rate of a penetrant that is brought into contact with a polymer sample becomes constant with time if the exposure concentration is kept a constant. If diffusion takes place in a hollow cylinder with inner and outer radii of a and b, respectively, the diffusion coefficients (D) can be estimated by (Crank )
where T L is the lag time, defined as the intersect with the time (t) axis of the straight line drawn through the plot of cumulative mass permeated per unit area Q(t) data at HDPE pipes were exposed to silica sand saturated with gasoline-contaminated aqueous solutions with varied contamination levels (gasoline-saturated water, 50, and 10% of saturation). The silica sand and the aqueous solution were replaced each week with new sand and fresh aqueous in the soil pore water were periodically measured. Water inside the pipes was drained each week for BTEX analysis by using a gas chromatograph and the pipe water was replaced with fresh DI water after sampling. Only benzene was modeled since it is of the most concern among BTEX compounds. All the experiments were conducted at room
METHODS

Experimental method and measurement
The experiments did not consider the effects of the hydro- Permeation theory and modeling scheme Figure 2 shows a schematic of the permeation process of benzene from the exterior environment (groundwater) to the water in the pipe. For the three-step permeation process described above, both sorption and desorption steps represent the partitioning of benzene between pipe materials and water. Since there are no solvency or swelling effects of benzene on PE materials, the partitioning process may proceed according to Henry's law
where C 1 p is the concentration of the contaminant on the outer wall of pipe in contact with the exterior environment (M/L 3 ); C 1 a is the concentration of the contaminant in the exterior environment such as groundwater (M/L 3 ); C 2 p is the concentration of the contaminant on the inner wall of pipe in contact with the water in the pipe (M/L 3 ); C 2 a is the concentration of the contaminant in the water in the pipe (M/L 3 ); and S is the partitioning coefficient (sometimes called a solubility coefficient, dimensionless) and is a constant for a given contaminant, polymer, exposure/receiving medium and temperature of interest.
Diffusion of organic compounds in a cylinder can be described by Fick's law
where C p is the concentration of the contaminant in the PE material (M/L 3 ); D is the diffusion coefficient (L 2 /T ); and r is the cylindrical coordinate (L). The American Water Works Association standard dimension ratio DR (the ratio of the inside pipe diameter to the wall thickness) for the tested 25 mm (1 inch) standard inside dimension ratio (SIDR) 9 PE pipes was 9 (dimensionless). At this dimension ratio, the effect of pipe curvature on permeation can be safely ignored and the pipe configuration is reduced to that of a thin shell (Selleck & Marinas ) . Therefore, the governing equation of Fick's law becomes This simplification is applicable for all SIDR 9 and SIDR 7 pipes as modeled later in the section 'Estimation of breakthrough times and permeation fluxes for pipes with varied different diameters', as the ratio of the inside pipe diameter to the wall thickness for SIDR 9 pipes is 9 and for SIDR 7 pipes is 7, respectively. Given a sufficient exposure time, the steady-state permeation flux [M/(L 2 /T )] is given as
where P [L 2 /T ] is defined as the permeability or permeation coefficient, which combines the components of diffusion coefficient and solubility coefficient. Essentially, P is a mass transfer coefficient that takes account of the sorption, diffusion, and desorption processes.
Determination of permeation parameters
The diffusion coefficient and solubility coefficient of benzene under three exposure conditions (C 1 a ¼ 67:5 ± 4:9 mg=L, 31.2 ± 2.9 mg/L, and 6.0 ± 0.6 mg/L, respectively) were determined by fitting the measured permeation data for 1-inch SIDR 9 PE pipes to the permeation model.
Explicit method was applied to estimate the cumulative permeation flux with time. The permeation flux into the pipe at step j can be estimated by
where m is the number of equal subintervals (dx) of wall thickness (l ), and dt is the subinterval time.
For the curve fitting process, the diffusion coefficients and the solubility coefficients determined by the time-lag method were used as the starting values. The time-lag method calculated the diffusion coefficients based on
Equation (1) and then applied the calculated diffusion coefficients, measured steady-state permeation rates, exposure concentrations and pipe wall thickness to estimate the solubility coefficient based on Equation (7). The cumulative permeation flux was then estimated following the steps described above. The two parameters were adjusted through several trials until the observed data points matched the theoretical permeation curve. The least-square method was used to test whether the 'best fit' was achieved. As the solubility coefficient is independent of the exposure concentration, the solubility coefficient was set as a constant for the three exposure conditions for an individual trial, and multiple trials were conducted to find the 'best' constant.
Estimation of breakthrough times and permeation
fluxes for pipes with varied different diameters Model simulation was conducted for SIDR 9 and SIDR 7 series of commercial HDPE pipes (Table 1) The slopes of simulated permeation curves in later time (steady-state) periods were calculated to estimate the steady permeation flux for each size of pipe.
Prediction of permeation characteristics under timedependent boundary conditions
The surface concentration at the outer wall generally varies with time in the field conditions. For this case, the boundary conditions for the outer wall (Equation (6)) can be modified to t ! 0,
where C 1 a (t) is the concentration of the contaminant in the bulk solution at time (t). This study simulated three timedependent boundary conditions: (i) degradation of benzene with the first-order kinetics; (ii) a continuous source with a constant input of benzene; and (iii) a pulse source or a spill. Modeling simulations were conducted for a 25 mm (1 inch) SDIR 9 HDPE pipe exposed to benzene.
Case I: degradation with the first-order kinetics
The first-order degradation kinetics can be described by
where C 0 is the initial concentration (M/L 3 ) and k is the Case II: continuous source with a constant input
The concentration, C, at some distance, L, from the source at concentration, C 0 , at time t, is given by the following expression (Fetter ), where erfc is the complementary error function
where L is the flow path length (L), v x is the average linear groundwater velocity (L/T ), t is the times since release of the contaminant (T ), and D L is the longitudinal dispersion coefficient (L 2 /T ). This simulation assumed: L ¼ 10 m (a drinking water pipe is located about 10 m from a leaking storage tank); v x ¼ 0.05 m/day, a typical value for groundwater movement in a sandy aquifer (Fetter );
and D L ¼ 0.001-0.05 m 2 /day (Fetter ). C 0 was set as 31.2 mg/L, being identical to that of Case I.
Case III: instantaneous source
The concentration of an instantaneous source of contaminant is best described using a Gaussian distribution curve.
This variation of the advection-dispersion equation assumes a homogeneous, isotropic, and saturated porous medium; steady-state flow; and conditions where Darcy's law applies (Fetter ). The change of concentration in a pulse source with time in one dimension can be predicted by
where M is mass of contaminant per unit cross-sectional area (M/L 2 ). This simulation used the same values for parameters of L, v x , and D L , which were previously described in Case II.
Based on Equation (12) SIDR 9 1 inch (25 mm) pipe 3.1 67.5 ± 4.9 2.8 23.7 1.22 31.2 ± 2.9 2.3 23.7 0.47 6.0 ± 0.6 2.0 23.7 0.08 Figure 4 | Simulated permeation curves of benzene for SIDR 9 and SIDR 7 series HDPE pipes (concentration of benzene in soil pore water: 31.2 ± 2.9 mg/L).
RESULTS AND DISCUSSION
Determination of permeation parameters
As shown in Figure 3 , the measured data were well fitted by the permeation model. The predicted curve was able to capture the main characteristics of experimental data, i.e., there was a transient state from the time benzene first entered the pipe until the steady-state conditions were established.
This simulation study confirmed the previous assumption that Fick's diffusion is the main mechanism for organic compounds to diffuse through PE pipe (Vonk ). It indicates that diffusion coefficients (D) as shown in Table 2 were concentration dependent and increased with an increase in bulk exposure concentration (C 1 a ). This concentration effect may be attributed to increased mobility of polymer segments resulting from increases in the average free volume in the polymer caused by the presence of the diffusing contaminant (Crank & Park ) . The relationship between D and C 1 a can be described by
where D 0 is the diffusion coefficient in the limit as C 1 a ! 0 (L 2 /T ), the characteristic diffusion coefficient for a specific polymer-penetrant pair; and α is the concen- 17, lower than the solubility coefficient of 23.7 previously estimated. As presented above, the lag time-derived diffusion coefficients were higher than those determined from the permeation model simulations. Based on Equation (7), if a steady-state permeation rate is fixed, the solubility coefficient would decrease with the increase of the diffusion efficient.
Estimation of breakthrough times and permeation
fluxes for pipes with different diameters Simulated permeation curves were obtained for SIDR 9 and SIDR 7 series of HDPE pipes using the diffusion coefficients and solubility coefficient of benzene determined by the numerical modeling method (Figure 4) . It is evident from Figure 4 that small size pipes are more vulnerable to permeation than large diameter pipes for the same series of HDPE pipes. Under identical exposure conditions, the benzene breakthrough was longer and its permeation flux decreased with the increase in pipe diameters. The higher susceptibility of small size pipes to permeation is supported by the findings of real permeation incidents, as reported in the study by Holsen et al. () , where all permeation incidents for service lines were associated with 25 mm (1 inch) or less diameter pipes. For an identical pipe dimension, SIDR 7 series pipe is less permeable than SIDR 9 series pipe. This is due to the generally has a thicker wall than SIDR 9 pipe (11 bar (160 psi) pressure rated). Figure 4 also reveals that it takes a longer time to reach the steady-state permeation for larger diameter pipes and thus it is experimentally more difficult to use the time-lag method to determine the permeation parameters for 50 mm (2 inch) or larger diameter pipes. Table 3 summarizes the breakthrough times and the steady-state permeation rates of benzene for various pipe diameters under three exposure conditions. As shown in Table 3 , benzene rapidly permeates across 15 mm (1/2 inch) HDPE pipes within several days, while the breakthrough for 50 mm (2 inch) HDPE pipe lines occurred in one to a few months. The steady-state permeation rate of benzene for 15 mm (1/2 inch) pipe was more than three times higher than that for 50 mm (2 inch) diameter pipe.
Prediction of permeation behavior under timedependent boundary conditions
Case I: degradation with the first-order kinetics As shown in Figure 5 , the permeation flux of benzene decreased with an increase of the first-order rate constant.
That is not surprising, since large degradation rate constant indicates rapid degradation of organic compound surrounding pipes and the permeation flux is strongly dependent upon the external bulk concentration. For the three degradation conditions, the obtained permeation curves deviated from that of no decay condition at later time period and the rising slope became gentle with an increase in the first-order constant. However, the breakthrough of benzene occurred at the same time for the four conditions simulated, which implies that the degradation process is unable to prevent or retard the occurrence of permeation once the outer wall of pipes is contaminated and that breakthrough is only a function of the wall thickness.
Case II: continuous source with a constant input As shown in Figure 7 , the highest D L led to the fastest breakthrough of benzene while the breakthrough was significantly retarded for lower D L . In response to the sharp increase and decrease in the external concentration profile, the permeation curve at lower D L was characterized by a dramatic increase in the permeation flux, followed by a rapid transition to the stationary phase.
CONCLUSION
A numerical modeling of the permeation of benzene through HDPE pipes was conducted. Based on the results of the numerical computation and analysis, the following conclusions can be drawn:
1. The measured data obtained from the pipe-bottle tests were well fitted using the permeation model based on a combination of equilibrium partition and classic Fick's diffusion. The results indicated that Fick's diffusion is the main mechanism for organic compounds to diffuse through PE pipe.
2. For the bulk concentrations between 6.0 and 67.5 mg/L in soil pore water, the concentration-dependent diffusion coefficients of benzene were found to range from 2.0 × 10 À9 to 2.8 × 10 À9 cm 2 /s while the solubility coefficient was determined to be 23.7. 
For
